Rupture of an abdominal aortic aneurysm causes priming of phagocytic oxidative burst  by Lindsay, Thomas F. et al.
ORIGINAl.  ARTICLES 
Rupture of an abdominal aortic 
causes priming of phagocytic 
oxidative burst 
aneurysm 
Thomas F. Lindsay, MDCM,  FRCS(C),  Nader Memari ,  BSc, 
Anand Ghanekar,  BArtsSc., Paul Walker, MD,  PhD,  and 
Alex Romaschin,  PhD,  Toronto, Ontario, Canada 
Purpose: The purpose of this investigation was to determine whether upture and repair of 
an abdominal aortic aneurysm induced activation of phagocyte oxidant burst, reflecting a
systemic inflammatory state, when compared with elective abdominal aortic aneurysm 
(AAA) repair. 
Methods: Blood samples were harvested from 22 patients with elective AAA and 15 
patients with ruptured AAA. Phagocyte oxidant activity was measured in response to a 
panel of activators with luminol and lucigenin as chemiluminescent substrates. Activity of 
the complement pathways was measured with plasma levels of C3a des arg. 
Results: Elective AAA repair resulted in significant elevation in phagocyte count and 
oxidative activity after surgery in response to maximal dose phorbol myristate acetate 
(PMA) when compared with the baseline sample. In patients with ruptured AAA the 
oxidative activity of phagocytes was significantly increased in response to both unopso- 
nized zymosan (899.8 -+ 192 ruptured vs 300 _+ 40 elective, p < 0.01) and maximal dose 
PMA (8769 - 2011 vs 3508 _ 382, p < 0.01) compared with elective cases at the initial 
sampling. Phagocyte priming has occurred by way of two distinct pathways: receptor- 
mediated (unopsonized zymosan, CR3 receptor) and receptor-independent (PMA, protein 
kinase c). 
Conclusions: Rupture of an AAA resulted in priming of the phagocyte oxidant capacity 
before operative repair compared with elective AAA. Phagocyte activation is a critical 
component of the systemic inflammatory response that may contribute to the high 
incidence of systemic organ dysfunction and death in this patient group. (J Vasc Surg 
1997;25:599-610.) 
Rupture of an abdominal aortic aneuq~sm (AAA) 
is a lethal event and accounts for much of the mor- 
bidity and death associated with abdominal aortic 
aneurysms, k2 Retrospective and longitudinal studies 
have shown that the mortality rate of ruptured AAA 
has remained approximately 50%, not significantly 
lower than when it was initially reported, a,4 Advances 
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in perioperative care have not reduced this mortality 
rate. The causes of death identified after ruptured 
AAA repair include myocardial infarction, respiratory 
failure, renal failure, and multiple organ failure. 5,6 
The pathophysiologic mechanisms responsible fbr 
organ failure after ruptured AAA remain undeter- 
mined. 
A prospective stud), of  ruptured AAA has demon- 
strated that the degree of shock (as measured by 
preinduction blood pressure) and the operative isch- 
emic insult induced by the aortic clamp (reflected by 
the site and duration of aortic cross-clamping) were 
among the variables ignificantly related to early sur- 
vival, a Postoperative complications including myo- 
cardial infarction, the development of respiratory 
failure, renal damage, and coagulopathy were predic- 
tive of early death. Thus the severity of the hypoten- 
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sion (the shock phase) and the ischemic insult in- 
duced at repair contribute to the development of 
these complications, which result in early death. 
Although the causes and pathophysiologic char- 
acteristics of multiple organ dysfunction have re- 
ceived considerable attention, patients with ruptured 
AAA differ from other patients who have the multiple 
organ dysfunction syndrome. Their insult has two 
discrete phases: hemorrhagic shock and lower torso 
ischemia. Shock characterizes the initial phase after 
aortic rupture that is of variable severity and duration 
and ends when a clamp is placed on the aorta above 
the site of rupture. The lower torso ischemia phase is 
influenced by the site and duration of the aortic 
cross-clamp. 
Hemorrhagic shock shares several pathophysio- 
logic mechanisms of tissue injury with organ injury 
after ischemia/reperfusion (I/R). Neutrophils are a 
prime effector mechanism in both injuries. 7,s Proin- 
flammatory mediators released after I /R  (such as 
tumor necrosis factor) can prime effector cells (neu- 
trophils) to increase their oxidative response to sub- 
sequent stimuli. 9Also, these mediators can induce 
the production of pro-adhesive molecules on the endo- 
thelial cell surface to promote inflammatory cell adhe- 
sion.10 Neutrophils transduce signals from many proin- 
flammatory pathways, which may result in activation of 
destructive mechanisms and organ injury. Identifica- 
tion of neutrophil priming is not mediator-specific but 
reflects a generalized response associated with activa- 
tion of the neutrophil's destructive mechanisms. 
Each phase of ruptured AAA repair may indepen- 
dently trigger a cascade of inflammatory events, re- 
sulting in activation of circulating phagocytes and 
predisposing patients to organ injury at the microvas- 
cular level. The synergy of these two events, hemor- 
rhagic shock and lower torso ischemia, which occur 
in rapid succession in patients with ruptured AAA, 
may initiate a systemic inflammatory esponse that 
may culminate in multiple organ dysfunction and 
death. We tested the hypothesis that ruptured AAA 
repair induces activation of phagocyte oxidant burst 
compared with elective AAA. Alterations in the oxi- 
dative function of circulating phagocytes were quan- 
tified with whole blood chemiluminescence (CL) as a 
measure of phagocyte activation status. Patients un- 
dergoing elective infrarenal aortic aneurysm repair 
were studied to provide an appropriate control group 
for the effect of the surgical intervention alone. 
METHODS 
Informed consent for blood sampling was ob- 
tained from patients with elective and ruptured AAA 
in accordance with the Toronto Hospital and Uni- 
versity of Toronto Human Subject Research Com- 
mittee's requirements. Blood samples were harvested 
from the arterial ine, the central venous line, or a 
peripheral vein according to the following preset 
sampling protocol. Blood samples were taken before 
the induction of anesthesia, before cross-clamp appli- 
cation, before clamp removal, and 15, 60, and 240 
minutes after clamp removal. Further samples were 
taken daily for 5 days. 
Blood was harvested into 7 ml sterile lavender 
vacutainer tubes that contained 10.5 mg ethylenedi- 
amine tetraacetic acid and 0.014 mg potassium sor- 
bate in 0.07 ml of 15% ethylenediaminetetraacetic 
acid solution (Becton Dickinson). The samples were 
kept at room temperature and rapidly transported to
the laboratory for analysis. Samples were gently 
rocked (Blood Rocker Model R4185-10; Baxter Di- 
agnostics, Deerfield, Ill.) for several minutes before 
an aliquot was removed for analysis of whole blood 
CL and an automated complete differential blood 
count. Once this aliquot was removed, the blood 
was rapidly cooled to 4°C and centrifuged at 
1800g for 15 minutes. The plasma was decanted 
into polypropylene tubes, snap-frozen, and stored 
at -70  ° C. 
Whole blood CL was measured at 37°C in a 
computer-controlled AutoLuminat LB953 Lumi- 
nometer (Berthold, Germany). n All reagents and 
tubes (ExOxEmis Inc, Little Rock, Ark.) were pre- 
warmed to 37 ° C before the assay was begun. The 
activators included unopsonized zymosan (UnOpZ), 
human complement opsonized zymosan (COpZ), 
human complement opsonized zymosan plus C5a 
(20 pmoles/tube, final concentration 25nmol), and 
(phorbol myristate acetate (PMA, 5 nmol/tube, final 
concentration 7.1 i~mol). 12 These activators and lu- 
minol were added in concentrations sufficient to sat- 
urate their binding sites, eliminating them as rate- 
limiting factors in the reaction. Blood that had been 
diluted 1/1000 was added to the standardized panel 
of activators in triplicate to begin the reaction. CL of 
the unsfimulated blood was also measured. A second 
CL substrate lucigenin was used alone and with low- 
dose PMA (14.3 nmol) to quantify alterations in the 
oxidase activity of the phagocytes. CL was measured 
over a 30-minute period; the area under this curve 
was integrated and the data expressed as CL per 
phagocyte over a 30-minute period. Phagocyte 
count was determined by subtraction of the number 
oflymphocytes from the total white blood cell count. 
Although neutrophils make up the vast majority of 
phagocytes and account for the largest proportion of 
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the CL measured, monocytes and other granulocytes 
produce CL and were thus included. 
CL or photon emission is a byproduct of micro- 
bicidal oxygenation activity and is used as an index of 
reactive oxygen production,  The low quantum 
yield of this process has been overcome with sensitive 
chemiluminescent dyes (luminol and lucigenin) that 
are easily oxidized by various reactive oxidant species. 
Luminol is dioxygenated atphysiologic pH and in 
the presence of hypohalous acid (the principal oxi- 
dant produced by phagocytes) decays to yield ami- 
nophthalate and a photon that is detected with a 
luminometer. Luminol can react with both hypoha- 
lous acid and H202 to produce light at neutral pH. 
Inhibition studies suggest hat luminol-dependent 
CL results from activity of both the reduced nicotin- 
amide adenine dinucleotide phosphate (NADPH) 
oxidase and haloperoxidase (myeloperoxidase) activ- 
ity of phagocytes. Lucigenin is a second chemilumi- 
nescent probe that reacts with 02- at neutral pH. It 
is used to investigate the oxidase activity of phago- 
cytes independent of haloperoxidase activity when 
used in combination with a low dose of PMA, which 
does not result in degranulation, ha2 
Each of the activators used in this study was 
designed to investigate different aspects of the 
phagocytes' oxidative response. Background CL 
identifies the unstimulated oxidative activity. Unop- 
sonized zymosan is a particulate stimulus that can 
activate phagocytes by direct contact with the cell 
surface in addition to activation mediated by the 
CR3 receptor. ~6 Complement opsonized zymosan 
results in activation by both the CR1 and CR3 recep- 
tors. ~7 C5a will stimulate phagocytes by its surface 
receptor and with the addition of complement opso- 
nized zymosan results in a maximum complement 
opsonin receptor stimulation. PMA at maximal doses 
results in activation of the NADPH oxidase and halo- 
peroxidase by release of the granular contents. With 
luminol the activity of both the NADPH oxidase and 
haloperoxidase i  measured. In addition, oxidant ac- 
tivity in the extracellular and intracellular (phagoly- 
somome) spaces (luminol diffuses rapidly into cells) is 
quantified compared with the cytochrome c reduc- 
tion assay, which quantifies only extracellular oxidant 
activity, is Lucigenin measures only NADPH oxidase 
activity, because the low dose of PMA added does 
not result in the activation and discharge of granules. 
Thus the different luminigenic substrates and activa- 
tors provide information about different facets of 
phagocyte activation. 
Plasma C3a des arg levels were measured in the 
plasma that had been stored at -70 ° C with a corn- 
mercially available radioimmunoassay (Amersham 
Corp, Oakville, Ontario). Results were calculated 
from a standard curve and expressed in nanograms 
per milliliter. Activation of either pathway of the 
complement cascade results in cleavage of C3 into 
C3a and C3b. C3b is an important component of the 
C3 convertase. C3a is an anaphylatoxin that is inacti- 
vated by enzymatic conversion to the des arg form. 
Demographic and clinical data were recorded for 
patients with elective and ruptured AAA in the study 
according to a protocol designed to identify signifi- 
cant complications and variables related to mortality. 
Preoperative ariables recorded included patient age, 
prcinduction systolic blood pressure, and serum cre- 
atinine concentration. I traoperative ariables mea- 
sured included urine output, blood given, site, and 
duration of aortic cross-clamp. Postoperative vari- 
ables recorded included bleeding, paraplegia, cere- 
brovascular events, cardiac events, duration of post- 
operative ventilation, renal damage, liver damage, 
length of postoperative intensive care unit stay, 
length of postoperative hospital stay, and death. Data 
for each variable were categorized according to pre- 
viously published criteria. 6
Statistical analysis of the CL data was performed 
with SigmaStat Statistical Analysis System (Jandel 
Corp.) computer software. Results are expressed as 
mean _+ SEM. Repeated measures analysis of vari- 
ance (RM-ANOVA) with ranks was required, be- 
cause the sequential CL measurements within each 
group did not conform to a normal distribution. 14
When the RM-ANOVA was significant, differences 
within each group were tested compared with 
the first blood sample obtained (preinduction or 
frequently the preclamp sample in the ruptured 
patients), with Dunnett's test used to identify differ- 
ences and correct for multiple comparisons. Compar- 
isons between patients with elective and ruptured 
AAA were carried out with the Mann-Whitney rank 
sum test. 
RESULTS 
This report describes the whole blood CL re- 
sponse in 22 patients with elective AAA and 15 
patients with ruptured AAA. Operative details and 
postoperative complications for the patients in the 
study group are presented in Table I. 
Elective AAA Group 
Phagocyte number. The elective group was 
noted to have significant alterations in phagocyte 
number over the perioperative course (RM- 
ANOVA, p < 0.001, Fig. 1). After the infrarenal 
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Table I. Preoperative, intraoperative, and 
postoperative data for patients in AAA Study 
Parameter Elective Ruptured 
No. of Patients 22 15 
Age (yr) 
-<65 4 2 
65 to 75 11 7 
->75 7 6 
Preoperative intraoperative ariables 
Preinduction systolic BP (mm Hg) 
-<70 0 0 
71 to 119 2 7 
->120 20 8 
Intraoperative blood given (ml) 
-<1800 21 7 
1801 to 3499 1 6 
->3500 0 2 
Postoperative ariables 
Postoperative ntilation (hours) 
-<48 22 8 
>48 0 7 
Cardiac event (MI, CHF, arrhythmia) 
No 17 10 
Yes 5 5 
Renal impairment 
No 22 10 
Dialysis 0 1 
>20% increase in creatinine 0 4 
Liver impairment (elevated bilirubin) 
No 21 10 
Yes 1 5 
Mean ICU Stay + S.D. (days) 1.4 + 0.6 8.0 + 8.4 
BP, Blood pressure; MI, myocardial infarction; CHF, congestive 
heart failure; ICU, intensive care unit. 
clamp was removed, phagocyte numbers rose, and 
this difference became significant 4 hours after the 
clamp removal (preinduction, 4 670 + 350.5 vs 4 
hours, 11,438.8 + 785, p < 0.05, Dunnett's test). 
The phagocyte count remained significantly elevated 
on the second and third postoperative days (p < 0.05 
for days 2 and 3) before returning towards baseline 
values. 
Background chemiluminescence. The back- 
ground unstimulated CL (Fig. 2) demonstrates some 
variability about the baseline; however, the RM- 
ANOVA was not significant for the elective group. 
The background level of CL is low compared with 
the values noted after stimulation with zymosan or 
PMA. 
Response to unopsonized zymosan. The re- 
sponse to stimulation with UnOpZ, which binds and 
activates the phagocytes by way of the CR3 receptor 
complex, results in a two- to threefold increase in CL 
over baseline (Fig. 3). The response to UnOpZ did 
not change in patients with elective AAA over the 
perioperative p riod (RM-ANOVA p = NS). 
Response to COpZ with or without CSa. 
COpZ alone caused more than a tenfold stimulation 
of the oxidant burst on the initial measurement com- 
pared with UnOpZ (3429.6 + 568.2 vs 277.3 + 
38.5, respectively, Figs. 3 and 4). The response of 
patients with elective AAA to COpZ increased on the 
second through the fifth postoperative days; how- 
ever, this change did not reach significance (RM- 
ANOVA, p -- NS). A two- to threefold increase in 
the CL response to C5a plus COpZ was noted over 
the response with COpZ alone (11,469.5 + 1,344.6 
vs 3,429.6 + 568.2, respectively, Figs. 4 and 5). No 
alterations in this response were noted in elective 
AAAs over the perioperative p riod. 
Response to PMA stimulation. The response 
to maximal dose PMA in patients with elective AAA 
was unchanged during the operative period but rose 
significantly in the postoperative period (RM- 
ANOVA, p < 0.001, Fig. 6). The increase became 
significant on the second postoperative day (prein- 
duction, 3148.3 + 323.3 vs day 2, 7118.3 + 
1069.5, p < 0.05), and this increase persisted over 
the rest of the postoperative p riod (Fig. 6). With 
low-dose PMA stimulation and lucigenin, no alter- 
ation in the oxidase activity was stimulated by the 
I /R  of elective aneurysm repair (Table II). 
Ruptured AAA Group 
Phagocyte number. The pattern of the phago- 
cyte count differed in the patients with ruptured 
AAA. There were no significant alterations of the 
phagocyte count in the patients with ruptured AAA 
throughout the perioperative period (RM-ANOVA, 
p = 0.631). However, the phagocyte number was 
significantly elevated in the ruptured group com- 
pared with the elective group at the first measure- 
ment (preclamp elective, 4615.6 + 411.5 vs pre- 
clamp ruptured, 10,923.1 + 1627.8, p < 0.004, 
Mann-Whitney rank sum). This difference was also 
noted in the prerelease and 15-minute samples (both 
p < 0.001, Fig. 1). After this finding the elevation i  
the elective phagocyte count accounted for the lack 
of significant difference. 
Background CL. The unstimulated back- 
ground CL was more variable compared with the 
elective AAA group, but no significant alterations 
were noted over time, and no differences were found 
between the groups (Fig. 2). No spontaneous in- 
crease in oxidant activity was noted in either group. 
Response to unopsonized zymosan. The re- 
sponse to unopsonized zymosan was increased three- 
fold in those patients with ruptured AAAs compared 
with those in the elective group (899.8 + 192.1 vs 
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Fig. 1. Phagocyte counts for both elective and ruptured abdominal aortic aneu~'sms over 
course of study. Significant increases in phagocyte count occurred in elective AAA group in the 
perioperative period, whereas this did not occur in ruptured group. + denotes ignificant 
differences (p < 0.05) between preinduction sample and histogram over which it appears with 
RM ANOVA and post hoc testing. * identifies significant differences (p < 0.05) between 
ruptured versus elective groups corresponding to time point indicated. 
299.7 + 39.7, respectively, p < 0.01 Mann-Whitney 
rank sum, Fig. 3). This difference persisted for the 
duration of the observation period. No significant 
alterations were noted after ruptured aneurysm re- 
pair was performed (RM-ANOVA, p = NS). 
Response to complement opsonized zyrnosan 
with or wi thout  C5a. The COpZ CL responses did 
not differ between the two groups (Fig. 4). When 
COpZ + C5a was used as the stimulus, the phago- 
cytes of  patients with ruptured AAA were noted to 
have a significantly reduced oxidative burst (Fig. 5). 
This finding would suggest hat the phagocyte re- 
sponse to C5a was downregulated and that these 
phagocytes may have been previously exposed to 
activated complement fragments. 
Response to PMA stimulation. The response 
to maximal dose PMA was significantly increased 
compared with the elective group (8769.1 + 2010.9 
vs 3508.8 _+ 382.5, p < 0.01, Mann-Whitney rank 
sum, Fig. 6). This difference persisted throughout 
the entire perioperative p riod with an increase in the 
ruptured group during the postoperative phase, sim- 
ilar to the pattern noted in elective AAA. This in- 
crease did not become statistically significant, unlike 
the pattern oted in the elective group. 
C3a des arg levels. C3a des arg is the stable 
metabolite of C3a that is produced by both the 
alternate and classical pathways of complement acti- 
vation. No significant increases in C3a des arg were 
noted in either the elective or ruptured groups over 
the perioperative period (Table II). The levels noted 
in both groups were not significantly different. 
Several features were apparent when the clinical 
indicators for the elective and ruptured groups were 
examined. All the patients in the ruptured AAA 
group required urgent operation, and all had blood 
outside the aortic wall. The ruptured group had 
lower blood pressures and required larger amounts 
of blood replacement (Table I). One patient in each 
group required brief suprarenal aortic clamping. Al- 
most 50% of the ruptured group required ventilation 
for longer than 48 hours after the operation, whereas 
no patients in the elective group required this degree 
of respiratoo, support. Renal damage occurred only 
in the ruptured group, with one patient requiring 
dialysis treatment. Four additional patients had a 
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Fig. 2. Background chemiluminescence for both patient groups over time course of study. 
Low CL background level in both groups is comparable, and no spontaneous increase in 
oxidative burst is noted. 
greater than 20% increase in creatinine. Liver damage 
occurred predominantly in the ruptured group as 
indicated by elevation in serum bilirubin. None of 
the patients in either group had prolonged bleeding 
complications; one patient in the ruptured group had 
paraplegia, nd one had a stroke. The mean intensive 
care unit stay was 1.4 + 0.6 days for the elective 
group compared with 8.0 + 8.4 days for the rup- 
tured group. The five patients in the ruptured group 
who remained in the intensive care unit for longer 
than 6 days all had signs of multiple organ failure; five 
patients had simultaneous respiratory and hepatic 
complications, and three of these patients also had 
renal complications. 
Three deaths occurred within the study group, all 
within the ruptured AAA group. The cause of death 
for each of these three patients was myocardial infarc- 
tion, respiratory failure, and multiple organ dysfunc- 
tion after embolic bowel infhrction. This result repre- 
sents a mortality rate of 20% after uptured abdominal 
aortic aneurysm within this group of patients. This rate 
is significantly ower than the 40% mortality rate noted 
in a recent audit of 88 patients with ruptured AAA who 
were admitted to the intensive care unit alive over a 
10-year period but may be a manifestation fthe small 
sample size. 
Comparisons were attempted between patients 
with ruptured aneurysms who did die or had organ 
failure. The latter group had higher CL levels; how- 
ever, the differences were not statistically significant, 
and the power of  those calculations was poor. For 
this reason these have not been included in the text. 
D ISCUSSION 
This investigation has demonstrated that elective 
AAA repair results in phagocyte priming, which is 
noted after the second postoperative day. The 
primed oxidative response was noted only after stim- 
ulation was performed with maximal dose PMA. In 
contrast, rupture of  an AAA resulted in phagocyte 
priming before surgical intervention was performed. 
Primed phagocytes are those that demonstrate an 
exaggerated oxidative burst compared with control 
samples to a defined stimulus ~5 but without stimula- 
tion do not demonstrate an increased oxidative 
burst. In contrast, activated phagocytes would dem- 
onstrate an enhanced burst without stimulation. The 
primed oxidative capacity in ruptured AAAs was ob- 
served in response to both unopsonized zymosan 
and maximal dose PMA, which increase oxidative 
burst by different biochemical pathways. Unopso- 
nized zymosan stimulates phagocytes by way of the 
CR3 receptor on the cell surface, which is in contrast 
to PMA, which stimulates oxidant activity by way of 
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Fig. 3. Unopsonized zymosan-stimulated CL in elective group was unchanged during periop- 
erative period; however, the level was higher in ruptured group in first sample. This increase, 
which is reflection of phagocyte priming, persisted; however, no further increases were noted 
during perioperative p riod. *p < 0.01 ruptured versus elective at corresponding time point. 
protein kinase C and not a surface receptor. Our 
results demonstrate hat different biochemical path- 
ways and mechanisms may be responsible for the 
phagocyte priming observed in this study. The re- 
sponse observed in the ruptured AAAs persisted 
throughout he perioperative period and was not 
significantly augmented by the surgical procedure. 
The primed circulating phagocytes are a manifesta- 
tion of a systemic inflammatory response that per- 
sisted throughout the postrupture period. 
Several differences in the response of ruptured 
AAA were noted when compared with the elective 
AAA. The phagocyte count was significantly higher 
in patients with ruptured AAAs at the first measure- 
ment; however, no further increase in phagocyte 
count was noted in response to aneurysm repair 
(lower torso ischemia) unlike the elective group. The 
ruptured group had a significantly higher esponse to 
PMA stimulation before and during surgery. Also, 
the ruptured group had increased oxidase activity in 
response to C3b-dependent receptor stimulation 
(unopsonized zymosan). These results indicate that 
both receptor-dependent a d independent pathways 
are activated in the ruptured group. Although a rise 
in oxidative burst caused by maximal dose PMA 
stimulation was observed in ruptures after surgery, 
this increase did not achieve significance. Thus it 
appears that the hemorrhagic shock after AAA rup- 
ture primes the phagocytes oxidative machinery to 
respond with increased capacity to selected stimuli. 
The oxidative response did not identify any synergis- 
tic effect of shock and lower torso ischemia induced 
by the repair in ruptured AAAs. 
The response to COpZ plus C5a was significantly 
lower in the ruptured AAA group in the early post- 
operative period, whereas the response to COpZ 
alone was unchanged compared with the elective 
group. This result suggests that the response to C5a 
receptor stimulation was blunted possibly because of 
low levels of C5a or downregulation f the receptor 
number or activity. C3 des arg levels were higher 
initially in the ruptured group, although this differ- 
ence was not significant. Our measurements of C3a 
des arg levels do not suggest hat the complement 
cascade was activated. The measurements show no 
increase in C3 des arg in either group as a result of 
shock or aneurysm repair with a Dacron graft. The 
decreased response to COpZ plus C5a may be the 
result of very low levels of C5a in the circulation that 
interact with the neutrophil C5a receptor at very 
high affinity and are not reflected in the C3a des arg 
levels measured, Alternately, the phagocytes may be 
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Fig. 4. CL response to complement opsonized zymosan for duration of study was without 
significant alterations in both groups. 
less responsive to C5a because of downregulation f
the C5a receptor number or activity. 
CL was used in this investigation to measure 
phagocyte oxidative burst. This technique has several 
advantages. It can be performed on small volumes of 
whole blood, making repeated perioperative sam- 
piing technically and ethically acceptable. Other 
methods of measuring oxidant activity require puri- 
fied populations of neutrophils obtained from larger 
volumes of blood. CL avoids the inadvertent activa- 
tion that may be induced by the isolation procedure. 
The oxidative response measured with whole blood 
CL quantifies all of the circulating phagocytic ells 
and does not reflect he activity of only one cellular 
population. 12 Previous publications have measured 
neutrophil oxidant activity in trauma and after burn 
injury. 29,3° Both of these studies used stored plasma 
added to normal purified neutrophils. In the patients 
with trauma suppression of the oxidant burst was 
noted with a CL method. In the patients with burns 
plasma primed normal neutrophil oxidant activity in 
response to a bacterial formyl peptide. Neither of 
these studies measured the trauma or burn groups' 
own neutrophil activity. Our investigation is unique 
because it measured each patient's oxidant response. 
Further studies will compare the phagocyte oxidant 
response with that of "normal" neutrophils timu- 
latcd with stored plasma to dissect out the potential 
effects of circulating mediators. 
In elective AAAs there were significant alterations 
in phagocyte number and in CL response to maximal 
dose PMA after the aortic cross-clamp was released. 
This result suggests that lower torso ischemia result- 
ing from AAA repair induces mediator release, which 
mobilizes and activates phagocytes. After ruptured 
AAA occurs, these alterations may be masked by the 
already increased phagocyte numbers and oxidative 
response. Several studies have suggested that plasma 
obtained from the vena cava shortly after aortic 
clamp release contains mediators that cause neutro- 
phil activation. Paterson et al.~9 have shown that 
plasma harvested from the vena cava 15 minutes after 
aortic clamp release contains a soluble factor that 
results in free radical generation. The plasma resulted 
in thromboxane production, neutrophil accumula- 
tion and activation, and increased microvascular per- 
meability in rabbit dcrmabrasion blisters. Other in- 
vestigators have observed alinear elationship between 
aortic clamp duration and neutrophil LTB 4 genera- 
tion. 2° They suggest hat pulmonary dysfunction 
noted after elective AAA repair may be mediated 
by LTB 4. These investigations support he findings 
that neutrophils are activated after clamp release in 
elective AAA repair; however, our time course of 
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Fig. 5. CL response to complement opsonized zvmosan plus CSa. There were no significant 
changes over time for elective or ruptured groups. In ruptured group this response was 
significantly depressed on arrival and during first hour after surgery. It subsequently rose to 
similar levels as those of elective group. *p < 0.05 ruptured versus elective at corresponding 
time point. 
activation differs from these reports. In addition, our 
report is the first to address activation caused by the 
period of shock in patients with ruptured AAA. 
Numerous studies have attempted to identi~' 
clinical factors responsible for the organ failure and 
excessive mortality in patients with ruptured AAA. 
Only a few have investigated potential mediators of 
organ injury and dysfunction. Rouman et al. 2~ inves- 
tigated alterations in cytokine levels in patients with 
ruptured and elective AAA and compared these with 
those of patients with multiple trauma. In the initial 
sample of patients with ruptured AAA, tumor necro- 
sis factor-or and interleukin-l[3 were elevated com- 
pared with patients with elective AAAs and multiple 
trauma. Levels of interleukin-6 were lower in both 
elective and ruptured AAA groups compared with 
patients with trauma on arrival but increased in both 
AAA groups over the next 24 hours. When the au- 
thors combined their entire study population and 
retrospectively separated the patients into those with 
or without adult respiratory distress syndrome 
(ARDS) or multiple organ failure, different patterns 
of cytokine levels emerged. Those patients with 
ARDS, multiple organ failure, or both had on aver- 
age higher levels of tumor necrosis factor-or, interleu- 
kin-l13, and interleukin-6 compared with those who 
did not have these complications. On the basis of 
these data no clear pattern of cvtokine levels was 
established in ruptured AAAs. Other studies have 
investigated temporal patterns of cytokine and com- 
plement activity after severe trauma in an attempt to 
identi~, a pattern that would predict the develop- 
ment of ARDS. 22 In this group of patients cytokine 
levels and complement actMty peaked after the de- 
velopment of ARDS. These studies have identified 
inflammatoo" mediators present within the systemic 
circulation of patients with trauma and elective and 
ruptured AAAs; however, no mediator or group of 
mediators has been implicated as critical to  the devel- 
opment of multiple organ failure or ARDS. 
A second study by Roumen et al. 23 investigated 
the presence of endotoxin within the serum of pa- 
tients with both ruptured and elective AAA and at- 
tempted to relate endotoxin levels to adverse ffects. 
The elective AAA group had no detectable ndo- 
toxin levels after anesthesia was induced; however, 
the mean levels rose until all were noted to have 
measurable levels just after clamp removal, when 
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Fig. 6. Primed response to maximal dose PMA began on D2 in elective group with steady rise 
through D5. Primed response was noted in ruptured AAAs in the first sample taken. This 
response persisted throughout postoperative period in ruptured patient group. +p < 0.05 
versus PI (elective) with RM ANOVA and post hoc testing. *p < 0.01 ruptured versus elective 
sample at corresponding time point. 
Tab le  I I .  Oxidase activity and complement  act ivat ion 
Lucigenin alone Lucigenin + PMA (low) C3a des arg 
Sample 
time Elective Ruptured Elective Ruptured Elective Ruptured 
PI 67.2 +- 9.3 1169.2 _+ 124.4 1555.2 _ 232.3 
PC 69.8 ± 7.7 181.27 ± 54.8 1263.9 ± 161.9 1195.8 --- 119.8 1228.4 ± 154.3 1447.7 -+ 215 
PR 156.8 ± 61.6 181.97 _+ 87.8 1408.1 _+ 174.6 1213.2 ± 36.3 1107.1 ± 121.1 1205 -+ 237.8 
15 rain 117.8 ± 41.2 320.7 _+ 152.2 1376.4 _+ 189.6 1483.1 ± 222.2 1185.9 ± 162.7 1471.9 -- 231.2 
1 hr 70.7 ± 26.4 215.9 _+ 83 1320.7 _+ 145.9 1215.1 ± 76.8 1208.7 ± 111.3 1028.1 -+ 119 
4 hrs 110.4 ± 47.3 1179.9 _+ 96.7 939.1 _+ 145.6 
D1 42.6 ± 5.6 147.6 _+ 41.8 1140.1 ± 81.9 1154.8 ± 82.8 848.3 ± 119.1 1028.1 -+ 112.3 
D2 41.2 _+ 6.8 499.8 ± 213.4 1161.2 ± 106.5 1811.9 ± 573.3 1005 ± 52.1 972.1 +- 88.1 
D3 33.7 _+ 4.5 390.6 +_ 226.4 989.6 ± 127.1 1219.1 ± 239.2 1254.8 ± 120.4 1074.1 - 75.7 
D4 31.6 _+ 5.5 105.9 ± 36.3 906.6 ± 157.1 901.9 ± 132.8 1219.9 ± 119.7 1078.4 -4- 76.3 
D5 42.8 +_ 6.0 86.1 ± 34.9 1141.3 _+ 218.1 874.9 ± 139.3 1220.5 _+ 131.9 1226.4 ± 151.9 
Baseline superoxide production measured with lucigenin and stimulated with a low dose of PMA was unchanged ineither group over the 
perioperative p riod. Analysis of C3a des arg levels did not demonstrate evidence of complement activation in either group during the 
periods of observation. 
PI, Before anesthesia nduction; PC, before cross-clamp application; PR, before clamp removal. 
levels peaked. In  the ruptured  AAA group  7 o f  11 
patients had measurable  levels on  arrival at the hospi-  
tal, but  6 hours  later only  two had measurable  levels. 
No  relat ionship between APACHE I I  score, length  
o f  intensive care uni t  stay, the deve lopment  o f  mult i -  
pie organ failure, or  morta l i ty  and serum endotox in  
level was ident i f ied in the ruptured  AAA group.  The  
authors  were unable  to suppor t  the hypothesis  that  
endotox in  played a key role in the deve lopment  o f  
mult ip le  organ failure or  ARDS after ruptured  AAA. 
Several studies have ident i f ied transient act ivat ion 
o f  neutrophi ls  after t rauma. 24 Others  have ident i f ied 
increased oxidat ive activity when postoperat ive  sepsis 
occurred.  When the two cytosol ic components  o f  the 
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NADPH oxidase were measured, an increase in the 
quantity of p47 was identifiedfl s ~-interferon is 
known to stimulate p47 protein and mRNA expres- 
sion in vitro; however, its role in vivo among pati- 
ents with trauma or ruptured AAA has not been 
studied. 
The NADPH oxidase responsible for the oxida- 
tive respiratory burst is found only in cells of the 
myeloid lineage (neutrophils, eosinophils, mononu- 
clear phagocytes) and B lymphocytes. 26 Neutrophils 
are the most numerous of  these in the circulation and 
have a relatively short circulating half-life. Band neu- 
trophils and their more immature precursor metamy- 
elocytes are known to have less oxidase activity com- 
pared with mature neutrophils. 27 Thus the increased 
oxidative activity of the patients with ruptured AAA 
is even more impressive given that the elevated 
phagocyte counts contain a larger percentage of im- 
mature forms. 
This study has investigated the sequential alter- 
ations in circulating phagocyte oxidative activity after 
elective and ruptured AAA repair. Elective repair 
results in increased oxidative activity in the postoper- 
ative period; however, dramatic differences were 
demonstrated in the ruptured group in the initial 
sample. Rupture of an AAA resulted in priming of 
the phagocyte oxidative response. This result indi- 
cates that the inflammatory response had been initi- 
ated before the patient's arrival in the operating 
room. This study is the first one to identify phago- 
cyte priming in patients with ruptured aneurysm and 
supports a role for phagocytes in the systemic inflam- 
matory response, which may mediate remote organ 
injury after repair. The mechanisms responsible for 
the primed response have yet to be identified; how- 
ever, complement activation does not appear to be 
the cause. Priming may be a manifestation of the 
release of a systemic proinflammatory mediator(s) or 
the result of selectin-mediated endothelial cell inter- 
actions. 28 Further study may clarify the mechanisms 
by which the phagocytes are primed and determine 
whether subgroups of the patients with ruptured 
AAA can be stratified into those who will and those 
who will not have organ injury and failure on the 
basis of their CL response. 
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